Abstract Laboratory tests were carried out on compacted granite residual soil treated with 0 to 15% Palm Oil Fuel Ash (POFA), with a view to evaluate its hydraulic conductivity for its application in landfilling. The Soil-POFA mixtures were compacted using both Standard and Modified Proctors compactive efforts at 2% dry of Optimum Moulding water Content (-2%), at Optimum Moulding water Content (0%), at 2 and 4% on the wet side of Optimum Moulding water Content (?2 and ?4%). The samples were permeated with water and the effect of moulding water content; compactive effort and POFA content were examined. The samples that met the minimum threshold of 1 9 10 -9 m/s were used in plotting the acceptable zones criterion at various POFA mixtures. The results gave indications of reduction in the hydraulic conductivity values, with increase in compactive efforts, moulding water content and POFA content up to about 10%. This was the most suitable soil-POFA mixture for the hydraulic application.
Introduction
Rapid economic growth and development has resulted in the enormous production of solid and liquid wastes in most parts of the world. Most of these wastes are indiscriminately being disposed on land, thus causing severe environmental problems especially ground water contamination and degradation of the soils. Although, efforts to reduce and recover these wastes are now put in place, landfilling seems to be the major method of waste disposal practice around the world (Tchobanoglous et al. 1993) . However, landfilling too has its shortcomings, which is the generation of highly polluted liquid called leachate when rain water percolates through the waste which serves as a solvent (Chen and Zhan 2010; Raghab et al. 2013) .
Compacted soil liners are widely used as hydraulic barriers in landfills and other waste containment facilities to prevent or reduce the percolation of leachate and attenuate other forms of organic contaminants from getting into the ground water body (Koivula et al. 2009 ). Compacted fine-grained low plasticity natural soils are often used in landfill liners and covers as hydraulic barriers for municipal and hazardous waste (Osinubi and Nwaiwu 2005) . Clayrich soils used in constructing low-hydraulic liners and covers for waste containment units are typically placed and compacted wet compared to optimum water content (Daniel 1987; Oakley 1987) . Compacted soil liner should be able to retain its integrity and retention capability by restricting the rapid advective migration of various leachates from waste containment facilities over a long period of time; at least during the design lifespan of the system. One major criterion for hydraulic barrier performance is the hydraulic conductivity; it measures the rate at which liquid flow through a particular medium. Other properties are the shear strength, desiccation induced-volumetric shrinkage strain and attenuative capacity of the liner material (Daniel and Benson 1990) . The hydraulic conductivity of the compacted soil liner is considered to be effective when it has a value of less than 1 9 10 -9 m/s. This depends on the compaction energy, moulding water content and soil composition (Lambe 1958; Mitchell and Soga 1976; Boynton and Daniel 1985; Osinubi and Kundiri 2008; Amadi 2011 ). Clayey and fine-grained soils are often considered the most suitable materials for the construction of compacted soil liners.
With the advent of sustainability, research into the aspects of agro-waste is on the increase with a view to encouraging reuse of waste and reduction of environmental degradation. Examples of such waste materials include Bagasse Ash, Rise Husk Ash, Groundnut Shell Ash, Bentonite, Blast Furnace Slag, Cement Kiln Dust, MetaKaolin, Fly Ash and Palm Oil Fuel Ash. These approaches include treating the locally available soil with these waste materials to produce a suitable blended material for the engineered landfilling purposes (Abichou et al. 2000; Amadi and Eberemu 2012; Osinubi and Eberemu 2013; Umar et al. 2015) .
Palm Oil Fuel Ash (POFA) is one of the byproducts of the Palm Oil Factory. Malaysia being one of the largest Palm Oil producers has a contribution of almost 41% of the world total supply between 2009 and 2010 (Chandara 2011) . Owing to this reason, there is an increase in the quantity of POFA produced and thus creating large environmental load (Abdullah et al. 2006) . However, POFA is found to exhibit some pozzolanic properties and has been used as partial replacement for Cement (Tay 1990; Tangchirapat et al. 2007; Safiuddin et al. 2011) . The main aim of this study is to evaluate the compaction criteria that produced acceptable hydraulic conductivity necessary for the construction of hydraulic barrier material using granite residual soil stabilized with Palm Oil Fuel Ash (POFA).
Materials and Methods

Granite Residual Soil
The granite residual soil used in this study was obtained from a borrow source located in Hulu Langat, Selangor State of Malaysia. The site lies within the coordinates of 3°7 0 0 00 N, 101°49 0 1 00 . The soil was collected at 1.5 m depth, preserved and then transported to the Laboratory in plastic bags. The dominant mineralogical composition identified through x-ray diffraction test (Shimadzu XRD 6000) was kaolinite mixed with quartz.
Palm Oil Fuel Ash
The Palm Oil Fuel Ash (POFA) for this study was obtained from the Southern Malay Oil Palm Factory in Johor, Malaysia. The POFA samples were oven-dried for 24 h at a temperature of 110°C to remove the moisture in it. It was then sieved through 300 lm sieve and stored in plastic bags to avoid pre-hydration. Chemical oxides present in the ground POFA were analyzed using x-ray fluorescence EDX-720/800HS Energy Dispersive X-ray Fluorescence Spectrometer. Loss on ignition (LOI) was carried out in accordance with the specification of BS1377 (1990 . Similarly, the specific surface area is the degree of fineness of a supplementary cementing material, it was determined using the Blaine fineness techniques (Malvern Mastersizer 2000) in accordance with the standard specification for pozzolanic materials ASTM C618 -08a.
Method
Index and Compaction Properties Tests
Index properties such as specific gravity, particle size distribution and Atterberg limits were performed according to British Standard (BS1377:1990 for the purpose of classification. Two compactive efforts used were the Standard Proctor (SP) and Modified Proctor (MP) whose ranges of energy were selected to simulate reasonable compactive energy normally encountered in the field (Daniel and Wu 1993) . Air dried soil samples passing through British Standard (BS) sieve with 4.76 mm aperture mixed with 0, 5, 10 and 15% POFA by weight of dry soil were used.
Hydraulic Conductivity
The hydraulic conductivity test was carried out using the falling head permeameter as recommended by Head (1992) . The soil was compacted at incremental proportions of 0, 5, 10 and 15 percentages of POFA and moulding water content ranging from 2% on dry side of Optimum Moulding Water Content (-2%) to 4% on wet side of Optimum Moulding Water Content (?4%) using the two compactive efforts of SP and MP. The compacted soil specimens were then soaked in a water tank for a minimum period of 24 h to allow for full saturation. The saturated test specimen was then connected to a permeant liquid (tap water) and permeation was conducted on the samples until steady conditions were achieved.
Results and Discussion
Chemical Composition of the Palm Oil Fuel Ash
The chemical composition of the (POFA) summarised in Table 1 
Soil Physical Properties
The physical properties of the soil presented in Table 2 indicate that the specific gravity of the natural soil is 2.63; while for the soil mixed with 5, 10 and 15% POFA are 2.58, 2.55 and 2.53, respectively. The decrease in the values of specific gravity with increase in the content of the POFA may be attributed to the light weight of POFA when compared to that of the soil (Eberemu 2013; Sahu and Gayathri 2014) . The percentage passing 75-lm sieve for 0, 5, 10 and 15% POFA showed 53.13, 56.26, 57.75 and 59.14% respectively which represent the fine portion of the soil. The liquid limit ranged from 50 to 41%, plastic limit from 29.89 to 24.82% and plasticity index from 20.11 to 16.18%. The linear shrinkage also showed a decreasing pattern with higher POFA content, from the natural soil with a value of 9.30% to a minimum value of 6.89% at 15% POFA content. The soil and soil-POFA mixtures were classified as low plasticity clay (CL) and A-7-6(8) based on the Unified Soil Classification System (USCS) (ASTM 1992; Coduto 2003; Punmia and Jain 2005) and Association of American States Highway and Transportation Officials (AASHTO) (AASHTO 1986). According to Benson et al. (1994) , the liquid limit and plasticity index of a soil liner should be at least 20% and C7% respectively since low hydraulic conductivity is attributable to higher liquid limits and plasticity indices. It could therefore be inferred that the various soil-POFA mixes used in this study could be the most suitable materials for use in hydraulic barriers application.
Compaction Characteristics
The variation of compaction characteristics for the various soil and soil-POFA mixtures are shown in Fig. 1 (2017) 35:1967-1976 1969 incremental percentages of POFA for both compactive efforts. The decrease in MDD with POFA content was probably due to the initial simultaneous flocculation and agglomeration of clay particles caused by cation exchange leading to increase in volume and decrease in dry density (Kumar and Sharma 2004; Eberemu et al. 2013) . It could be possible since the POFA has specific gravity value of 2.22 which is low when compared with granite residual soil with 2.63. Similar result were obtained when different agro-wastes with less specific gravity values were used as additive with various types of soils (George 2012; Eberemu 2013 ). On the other hand, the increase in OMC could be attributed to the increase in fine content due to the inclusion of POFA which has larger surface area that needed more water to react with. This is in agreement with the findings that agricultural and industrial wastes having pozzolanic properties were used as additives for different soils (Akoto and Singh 1981; Eberemu 2013; Eberemu et al. 2013 ).
Effect of Moulding Water Content on Hydraulic Conductivity
The variation of hydraulic conductivity with moulding water content using both SP and MP compactive efforts for incremental percentages of the POFA contents are depicted in Figs. 2 and 3 . It was generally observed that hydraulic conductivity decreased with increase in moulding water content, the lowest value was obtained at ?2% on the wet side of the OMC. Hydraulic conductivity is one of the key parameters that affects the performance of liner systems which depends on a number of factors such as the moulding water content, compactive effort and incremental percentages of additives (Amadi and Eberemu 2012; Glatstein and Francisca 2014; Ö ren and Ö zdamar 2013 ). An increase in water content facilitates the deflocculation of the particle structure, thereby reducing the void spaces within the particles. This is in concordance with the results obtained by (Benson and Trast 1995; Kabir and Taha 2004; Amadi and Eberemu 2012; Eberemu 2013; Osinubi and Eberemu 2013) .
There was a decrease pattern in hydraulic conductivity values with higher compactive effort for all POFA contents. This was due to increased penetration by the compaction rammer on soil surface, resulting in closer packing of particles along the surface, yielding a denser sample and decreased number of large voids that could conduct flow. In addition, higher compaction energy also helps to destroy large interaggregate pores or microspores (Holtz and Kovacs 1981; Mitchell and Soga 1976) .
The lowest permissible hydraulic conductivity value of 2.3 9 10 -11 m/s was obtained at 19% moulding water content using MP compactive effort. Generally, low hydraulic conductivity values are obtained only if clods and interclod pores are eliminated during compaction (Figs. 4, 5) . This requires that compaction be done on the wet side of the OMC at high compactive effort which produces larger shear strains, such as sheetfoot roller (Mitchell and Soga 1976) .
Effect of POFA Content on Hydraulic Conductivity
There was initial decrease in the hydraulic conductivity with incremental percentages of the POFA content for both SP and MP compactive efforts at varying Moulding water Contents relative to the optimum (-2, 0, ?2 and ?4) shown in Figs. 6, 7, 8 and 9 . This decrease in the hydraulic conductivity could be linked with pozzolanic reactions leading to the formation of cementations products and filling of the pores spaces conducting flow. Furthermore, it can be attributed to the high specific surface of POFA particles which resulted in adsorption of a large number of hydrated cations as well as water molecules, thereby contributing to the decrease in hydraulic conductivity. Similar results were obtained when other agricultural wastes were used as additives to different soils (Eberemu 2013; George 2012) . From Fig. 8 , there is was increase in cation exchange capacity with higher POFA content. This could be inferred that there was cation exchange reaction between POFA and the soil (Asavapisit et al. 2003; Kumar and Sharma 2004) . On the other hand, the subsequent increase in hydraulic conductivity could be due to the presence of excess POFA that would have changed the soil matrix, leading to increased flocculation (Eberemu 2013 ).
Acceptable Zones for Liner Design
In current geo-environmental practice, one of the critical steps in designing compacted soil liners is to ensure that the acceptable limit of hydraulic conductivity was set at less or equal 1 9 10 -9 m/s, with the upper boundary as the zero air void line. A method for obtaining the acceptable zones soil liners and covers was outlined by relating the dry density and moulding water content to acceptable limits of the design parameters (Daniel and Benson 1990) . The acceptable zones for hydraulic conductivity for the various percentages of POFA contents are shown in Figs. 9, 10, 11 and 12.
The acceptable hydraulic conductivity values in the compaction plane for the natural granite residual soil were achieved at moulding water contents of 14-24% for both SP and MP compactive efforts. In the same Fig. 2 Effect of moulding water and compaction energy on hydraulic conductivity of the natural soil vein, the acceptable hydraulic conductivity values were achieved at 14-22, 14.5-26.8 and 14.9-28.8% moulding water contents at 5, 10 and 15% POFA content respectively for both SP and MP compactive efforts.
Conclusion and Recommendation
The basic purpose of the study was to evaluate the effect of POFA on the hydraulic conductivity of granite residual soil compacted at both SP and MP Fig. 3 Effect of moulding water and compaction energy on hydraulic conductivity of soil mixture containing 5, 10 and 15% POFA Fig. 4 Variation of hydraulic conductivity with POFA at 2% on dry side of OMC Fig. 5 Variation of hydraulic conductivity with POFA at OMC Fig. 6 Variation of hydraulic conductivity with POFA at 2% on wet side of OMC Fig. 7 Variation of hydraulic conductivity with POFA at 4% on wet side of OMC compactive efforts and different moulding water contents with a view to ascertain its suitability in landfill application. Based on the results presented in this paper, the following conclusions can be drawn:
1. Addition of POFA to the soil showed a significant improvement in the plasticity characteristics with all percentages of POFA contents, with the liquid limit and plasticity index values all within the acceptable values of 20% and C7% respectively. 2. Both the MDD and OMC decreased and increased with higher values of POFA content for both standard and modified proctor compactive effort, however the highest maximum MDD of 2.15 Mg/ Fig. 8 Variation of cation exchange capacity of granite residual soil with POFA content Fig. 9 Acceptable zone based on hydraulic conductivity at 0% POFA content Fig. 10 Acceptable zone based on hydraulic conductivity at 5% POFA content m 3 was obtained using the modified proctor compactive efforts. 3. In general, hydraulic conductivity decreased with increase in moulding water contents regardless of the compactive effort, but higher compactive effort resulted to a decrease in hydraulic conductivity values for all ranges of the POFA contents. The lowest permissible hydraulic conductivity value of 2.3 9 10 -11 m/s was obtained at 19% moulding water content using MP compactive effort. 4. Based on the acceptable zone criterion for hydraulic conductivity, it showed that 10% POFA mixture had the widest area under the curves.
The study no doubt showed that the large quantity of waste produced by the Palm Oil industry has yet another geotechnical application as well as expanding the utilization of widely distributed granite residual soil. It is however recommended that the construction of a liner system using soil-POFA mixture just like other clayey soils should consider the other geotechnical parameters like Unconfined Compressive Strength (UCS) and desiccation induced volumetric shrinkage strain to produce a single acceptable zone that satisfies the three major conditions. Acknowledgement The authors wish to acknowledge with appreciation the financial support received from Fundamental Fig. 11 Acceptable zone based on hydraulic conductivity at 10% POFA content Fig. 12 Acceptable zone based on hydraulic conductivity at 15% POFA content Research Grant Scheme (FRGS), Malaysia Government and technical support by the Geotechnical and Geological laboratory staff, Universiti Putra Malaysia.
